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Abstract: We visualized two-dimensional wing buffet using fast-framing focusing schlieren method. A supercritical airfoil of NASA SC(2)-0518 
was used in this study. Mach number of the freestream was 0.7, and Reynolds number based on the wing code (c) was 5x106. Angle of attack 
without corrections (α) was changed from 4° to 6 °. The present focusing schlieren system had ±18 mm depth of field, which was narrow than 
spanwise region where the two-dimensionality of the flow field was maintained. 8,345 successive images were captured by high speed CMOS 
camera with 7,000 frames per second with 20 µs exposure time. The present imaging system well captured the shock wave motion on the airfoil. At 
α = 4°, the shock wave was positioned at x/c ~ 0.45. The shock wave was slightly fluctuated with a frequency of 585.5 Hz. Above α = 5°, the wing 
buffet occurred. The buffet frequency increased as increasing α. The focusing schlieren movies revealed that the shock wave was bifurcated on the 
wing surface, as the shock traveling upstream. The boundary layer largely separated from the leading oblique foot of the bifurcated shock wave, 
whereas, the bifurcated shock wave changed into a normal shock and the flow separation disappeared, as the shock traveling downstream. For both 
cases, many pressure waves propagated from the downstream of the shock wave to the upstream. These waves merged with the shock wave, and 
seem to drive the shock oscillation.  
?  ?  ?  ?  ?
A :        ??????????????? 
c :        ??? 
DOF :       ????????????? 
f :       ???????? 
f# :       ???? f? 
F :       ???????? 
I :       ??? 
l :       ?????????????????? 
l’ :       ??????????????????? 
?
L :       ??????????????????? 
????
L’ :       ??????????????????? 
??????
M :       ???? 
P0 :       ???? 
Re :       ?????? 
t:       ?? 
T0 :       ???? 
U∞:       ??? 
x :        ???????? 
α :        ???? 
Δ :       ??????????= 2 mm? 
κ:        ???????????= 2πfc/U∞ ? 
??? ?? ?? ?? ?
????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
??????1930 ????????????????
?F.13??????????????????????
?????????????????????????
??????????????????????[1]?
???????????????????JAXA????
?????????????????????????
????????????????? [2-6]? 
???????????? 50 ??????????
????????????????????????
Lee? Review[1]?????????????????2
?????????????????????????
?????????????????????????
?1©2014 ???????? 
??25?7?22???46????????/?32?????????
?????????????????? 
??? ?? ?? ????? 
?2??????????????? 
?3?????????? 
??????????? 
Vol.**, No.***, pp. xxx-xxx, 2014 
???????????? ?**?? ?***??2014?*?? 
?? ? 2 
?????????????????????????
?????????????????????????
?????????????????????????
??????????????3??????????
????????????[1]? 
????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
????????????????????????
?????????????????????????
?????????????????????????
????????????????????????
?????????????????????????
??????????????????[1]?????
???
Lee ?[7]???????????????????
????????????????????????
?????????????????????????
??????????????
1. ????????????????????
2. ???????????????????
?????????????????????????
?????????????????????????
?????????????????????????
????????????
????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????
????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????
????????????????????????
????????????? PIV??????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
????????3????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
???????????????????????
????????????????????????
?????[8-10]?????????????????
????????????????????????
??????????????????????????
?????????????????[8-10]?????
?????????????????????????
?????????????????????????
?????????????????????????
???????????????????
??? ?????
???? ?????? ?????? 1 ???? JAXA 
0.8 m?0.45 m??????????????????
?????????????????????????
?? 0.8 m?? 0.45 m??? 2.45 m?????????
??????????????????????????
?????????????????????????
?????????????????????????
?????????????[11][12]????????
???? 6%????????? 
?????????? P0????????????
????????????????????????
P0 = 200 kPa?????? To = 300 K??????? M = 
0.7????????????????????α ? 4°
?? 6°???????????????????? c
   ? 1??????????  
plenum chamber 
test section 
2D airfoil 
slotted walls 
B.L. suction 
walls 
??????????????????????????????? ??
?? ? 3 
????????????? Re = 5?106??????
?????????????????????????
??????? 1°??????[2][3][13]??????
?????????????????
???????????????????????
?????????????????????????
?????????????????????????
???????????100 mm??????????
[2][14]??????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
????????????????????????
???? ??????? ?????? 2 ??????
???????????NASA SC(2)-0518??????
?????????????????????????
??????[2]???????????? c? 200 mm?
??? 450 mm???????????????? 10%
??????? 78.7 µm??? 1.27 mm???????
????? 2.54 mm????????????????
???????????????????????
????????????????????????
?????????????????????????
??????????????????? 3??α = 4, 5, 
6° ???????????????????????
????? x ? c ????????????????
Cp???? 
α = 4° ????????????????????x/c 
< 0.1????????????Cp ~ −1.7???????
????????????????????????
?????????????????????????
???????????????? 0.1 ≤ x/c < 0.45 ?
??????????????x/c ~ 0.45??????
???? Cp ~ −1.0????????????????
????????????????????????
????????[2]???????????????
?????????????????????
??????????????????? 3????
???????1??????? 0.05 < x/c < 0.2 ???
?????????????????????????
???2 ?????????????????????
α ≥ 5° ?????????????????????
?????????????????α ≥ 5° ?????
?????????????????????????
?????????????????????????
????????????α ≥ 5° ??????????
????????????????????3????
???????????????? α ≥ 5° ?????
?????????????????????????
?????????????????????????
??????????????α = 4°?????????
????????α = 5°? 6°????????????? 
??? ?????????
????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
??????????????????????
??????????????? DOF ??????
?????????????????????????
?????????????????????????
? l??????????????? F ? f ? f#???
??DOF??(1)???????? 
!
DOF = 2"# f#
l
F
(1) 
Δ???????????????????Δ = 2 mm?
???????[8,9]????????????????
?????????????????????????
????????????????????????
[8,9]? 
?? l???? 2 ???????????1????
?????????????????????????
?????????????????????????
?????????????????????????
??????? l?????????????????
????????????????????????? 
? 2??????????  
-2
-1
0
1
0 0.2 0.4 0.6 0.8 1
! = 4°
! = 5°
! = 6°
pr
es
su
re
 co
ef
fic
ien
t: 
Cp
x/c
? 3????????  
???????????? ?**?? ?***??2014?*?? 
?? ? 4 
?? l??????? 2?????????????
??????????????????l? F????
?????????????????????????
???????l = 225 mm?????????????
F > 225 mm???????????????????
?????????????????????????
??? f?????????????????????
????F > 225 mm?????????? f?????
?????????????????????????
????????????????????????
?????
???? ???????? ? 4 ??????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
????????????????????????
?????????????????????????
?????????????????????
?????????????????MVK-L265emi?
?????????????????????????
???????????????[15]?????????
???????3M: ?????? TSC001 & TP3003XL?
?????????????????????????
????????????: F145 mm?f/0.55??????
?????????????????????????
?????????????? 2 mm????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????
??????????????????????
?SIGMA: APO F300 mm f/2.8 EX DG HSM / EX DG???
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
???????????????????
????????????????????????
?????????????????????????
?????????????????????????
????????????????l = 600 mm????
?????????????????????????
l’ = 600 mm????????? 1?????????
?????????????????????????
?? 0.1 ≤ x/c ≤ 0.8????????????????
?????? 140 mm???????????????
CCD ??????????????????????
?????????????????????????
??????: F250 mm?f/0.94???????????
?????????????????????????
?????????????????????????
?????????????????????????
???????????????????
??????????????????Nikon : Ai AF 
DC-Nikkor F135 mm f/2D???????Phantom V710?
??????????? 1280×800 pixel??A/D???
??? 12 bit ????????????????? 7 
kHz?????? 20 µs?????????? 8,345 ?
???????????? 1.2 s?????????  
???? ?????? ????????Weinstein??
??????????[11]??11.2mm ???????
?????????????????? 5??????
?????????????????????????
???????????????? 1 mm??????
? 4????????????????????  
airflow 
??????????????????????????????? ??
?? ? 5 
????????? 0.5 MPa????????????
?????????????? 1 mm????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
???????????????15 mm ??????
????????????????????????
????????????????????45 mm ?
??????????????????????
???????????????????????
??????? 1 ????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
? ?18 mm ??????????????????
??????50 mm ???????????????
????????????????????????
????????????????????????
????????????????????????
????????100 mm?????????????
???????
??? ?????????
???? ?????????? ? 6 ??α = 5°???
????????????????????????
??????????????? 6a????????
?(t = 0 ms)????????? 6a~6h ???????
????????????????????????
????????????????????????
???????????????????????
? 6a??????x/c ~ 0.5 ?λ?????????
????????x/c ~ 0.1 ????????????
????????????????????????
????????????????????????
?????λ???????????????????
???????????λ?????????????
???????????????????λ?????
????????????????????????
?????????????λ???????????
????????????????????????
????
? 6b ??? 6c ????????????????
???????λ?????????????????
?????λ?????????????????λ?
????????????????????????
6d??? 6e??????????λ????????
????????????????????????
????????????????????????
????????????????????????
?????????????? 6e????? x/c ~ 0.7
???????????? 10%????????? 
??????????λ?????????????
???????λ???????????????(? 
0
0.2
0.4
0.6
0.8
1
-100 -50 0 50 100
optical-axis direction, mm
sig
na
l in
te
ns
ity
: I
/IB
F
light side camera side
DOF
? 5???????????????????  
???????????? ?**?? ?***??2014?*?? 
?? ? 6 
? 6????????????????α = 5°?  
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
x/c 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
x/c 
a) 0.00 ms
b) 1.43 ms
c) 2.86 ms
d) 4.29 ms
e) 5.72 ms
f) 7.15 ms
g) 8.58 ms
h) 10.01 ms
normal shock 
pressure waves 
from roughness 
curved shock 
strong pressure waves 
separation 
trailing oblique foot 
leading  
oblique foot 
pressure wave 
from downstream 
λ shock 
pressure wave 
from downstream 
separation 
separation 
boundary layer 
boundary layer 
curved shock 
pressure wave 
from downstream strong pressure waves 
pressure waves 
from roughness 
  
??????????????????????????????? ??
?? ? 7 
6b ??? 6c??λ???????)?????????
???????λ????????????????
????????????????????????
????????????????????????
?????????????(? 6d ??? 6e????
??????????)?????????????
???????
? 6e???? 6f?????????????α = 5°
??????????? x/c ~ 0.25 ?????????
????????????????????????
????????????????????????
????????????????????????
????????????????
???????????????????????
????????????????????????
????????????????????????
??????(? 7 ?)??????????????
?????? 10~15 m/s ?????????????
????????????????????????
?? 1.4 ????????????????????
????????????????????????
???????????????????? 1.45 ??
????????????????????????
????????????????????????
??1.35 ?????? 
???????????????????????
? 1.3~1.35 ????????????????[16]?
????????????????????????
????????????????? Weak?????
Moderate? Interaction ??????????????
????????????????????????
? Strong Interaction ???????????????
????????????????????????
? Strong Interaction ???λ????????????
?????? Moderate Interaction ?????????
????????????????????????
????????????????????????
???????(? 6g??? 6h??????????
?)??????????????? 
???? ???????????? ???????
????????????????????????
???????? 6 ???????????????
????????????????????????
????????????????? 1 ??????
????????????????????????
????? 7 ??????????? 7a, 7b, 7c???
???α = 4°, 5 °, 6°???????????????
????????????????????????
????????????????????????
y/c =0.31 ????????????????????
???????α = 5°????? 6a?????????
?????????????????λ???????
?????????????????????????
?????????????????????????
????
? 7a?????????α = 4° ???????? x/c 
~ 0.45??????????????????????
7b????? 7c??????α = 5° ? 6° ?????
?????????????????????????
?????????????????????????
??????????? α = 4???????????
?????????????????????????
????????????????????????
??
? 7b?????α = 5????????? 0.25 < x/c < 
0.46???????????????????????
????? x/c ~ 0.46???????????????
?????????? x/c = 0.2 ~ 0.26????????
?????????????????????????
???????????????????????? 6? 7?????????????  
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
x/c 
0.0 
0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
a) α = 4°
b) α = 5°
c) α = 6°
tim
e:
 t,
 s
 
0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
???????????? ?**?? ?***??2014?*?? 
?? ? 8 
????????????????????????
?????????????????????????
?????????????????????????
???
? 7 ????? 7a???????????????
????????????????????????
?????????????????????????
?????????????????????????
???????????????????????????
???????????????????????
? 7c??????α = 6°????????????
??? x/c ~ 0.46??α = 5°?????????????
???????? x/c ~ 0.18??α = 5°????????
?????????????????????????
?????????????????????????
?????????????????
???? ????????? ? ?????????
????????? 7 ???????????????
?????????????????????????
??????????? 8 ??????????? 8a, 
8b, 8c??????α = 4°, 5 °, 6°??????????
????? f???? U∞ (= 231 m/s)? c??????
??????κ (= 2πfc/U∞)???????????? A
? c ??????????????????????
?????????Δκ = 0.0045 (0.83 Hz)??????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
????? 4??????????????????
???????????????????
????????????????????????
? 8b ???α = 5°???κ = 0.44 (f = 80.3 Hz)????
????????????????????????
???κ = 0.87 (f = 161 Hz)????????????
??????????(80.3 Hz)??????????
?????α = 6°???????? 8c???????
???????????????κ = 0.52 (f = 95.7 Hz)
??????????????????κ = 1.03 (f = 
190.4 Hz)?????????? 
Lee ?[1]?????? 2 ????????????
????κ ~ 0.5 ?????????????????
????????????????????κ = 
0.44~0.52 ??????????????? 
??????????????????????α = 
4°??α = 5°, 6°?????????????????
???????????????????????α = 
5°, 6°?????????????????????κ 
= 3.17 (f = 585.5 Hz) ???????????????
???????????? 7a???????????
????????????????????????
????????????????????????
???????α = 4°???α = 5°, 6°????????
?????????????????585.5 Hz ???
?????????????????????????
????????????????????????
??? ?? ?? ??
????????????????????????
???????(NASA SC(2)-0518)?????????
????????? 7 kHz ????????????
????????????????????? 0.7??
???????????????? 5×106??????
?????????????
(1) ???????????????????????
???????????????????????
?± 45 mm??????????????????
???????????????????????
?????????????????
(2) ???????????????????????
???????????????????????
??λ?????????????????????
10-6
10-5
10-4
10-3
10-2
10-1
am
pli
tu
de
 sp
ec
tru
m
: A
/c a) ! = 4° 3.17 (585.5 Hz)
10-6
10-5
10-4
10-3
10-2
10-1
am
pli
tu
de
 sp
ec
tru
m
: A
/c
0.44 (80.3 Hz)
0.87 (161 Hz)
b) ! = 5°
10-6
10-5
10-4
10-3
10-2
10-1
0.1 1 10
am
pli
tu
de
 sp
ec
tru
m
: A
/c
reduced frequency: !
0.52 (95.7 Hz)
1.03 (190.4 Hz)
c) " = 6°
? 8?????????????????????????
??????????????????????
  
 
 
 
????, ???, ????, ???, ???, ???, ????, 
???? , ???? : ??????????? Vortex 
Generator ??, JAXA-RR-14-002 (2014). 
??????????????????????????????? ??
?? ? 9 
?λ?????????????????????
???????????????????λ????
???????????????????????
??????
(3) ???????????????????????
???????????????????????
???????????????????????
????????????[1]??????????
???????????????????????
?????????????
(4) ???????????????????????
(5) ?????????????? 4????????
???????????????? 585.5Hz ???
???????????????????????
???????????????????????
???????????????????????
???????????????????????
???????????????????????? 
?? ?? ?? ?
1) Lee, B.H.K.: Self-sustained shock oscillations on airfoils at 
transonic speeds, Progress in Aerospace Sciences, 37 (2001), pp.
147-171? 
2) Koike, S., Sato, M., Kanda, H., Nakajima, T., Nakakita, K., 
Kusunose, K., Murayama, M., Ito, Y., and Yamamoto, K.: 
Experiment of Vortex Generators on NASA SC(2)-0518 Two 
Dimensional Wing for Buffet Reduction, APISAT-2013 05-08-2 
(2013). 
3) ????, ???, ???, ???, ????, ????, ??
??, ???, ????: ????????? 2 ??????
????????????????????, ? 46 ????
????/? 32 ????????????????????
???, 2A07 (2014). 
4) ????, ????, ???, ????, ????, ????, 
???, ????: ??????????????? NASA
Common Research Model???????, ? 46??????
??/? 32 ??????????????????????
?, 2A09 (2014). 
5) ????, ????, ????, ????, ????, ???
?: ??? PSP?????????????????, ? 46
????????/? 32 ????????????????
???????, 2A10 (2014). 
6) 
7) Lee, B.H.K.: Oscillatory Shock Motion Caused by Transonic Shock 
Boundary-layer Interaction, AIAA J., 28(50) (1989), pp. 942-944.
8) Settles, G.S.: Schlieren and Shadowgraph Techniques, Springer
–Verlag (2006), New York, pp. 77-96.
9) Weinstein, L.M.: Review and Update of Lens and Grid Schlieren 
and Motion Camera Schlieren, The Euro. Phys. J. Special Topics, 
182 (2010), pp. 65-95.
10) Kouchi, T., Goyne, C., Rockwell R., McDaniel J.: Focusing-?
schlieren Visualization in a Direct-connect Dual-mode Scramjet, J. 
Prop. Power to be submitted, (2014). 
11) ????, ??? ?, ??? ?, ????, ????, ???
?, ??? ?: JAXA0.8m×0.45m ? Re ??????????
AGARD-B??????, JAXA-SP-09-005 (2009), pp. 9-15? 
12) ????, ????, ??? ?, ????, ????: ???
??????????????, JAXA-RM-09-007 (2010), pp2-4? 
13) Sawada, H: A General Correction Method of the Interference in 
2-Dimensional Wind Tunnels with Ventilated Walls, Transactions 
of the Japan Society for Aeronautical and Space Sciences, 21(52) 
(1978), pp. 57-68.
14) ??? ?, ??? ?, ????: ????????????
??????????????, JAXA-RM-10-006 (2010), pp. 
1-5? 
15) Kashitani, M., Yamaguchi, Y.: Investigation of Visualization 
Characteristics of the Sharp Focusing Schlieren Method, Proc. of
21st International Congress on Aerospace Simulation Facilities,
(2005), pp. 9-16. 
16) Babinsky, H. and Harvey, J.K. (ed.): Shock Wave-Boundary-Layer 
Interactions, Cambridge University Press, New York, Capt. 3 (2011), 
pp. 96-117.
?????????????????????? 5?
?? 6????????????????? 80.3 Hz
?? 95.7Hz???????????????????
Lee?????[1,7]???????????? 
